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Heterosigma akashiwo (Rhaphidophyceae) is a unicellular, flagellated, bloom-forming, toxic alga of ecological and economic importance.
Here, we report the results of sequencing and analyzing the genome of an 8.6-kb single-stranded RNA virus (HaRNAV-SOG263) that infects
H. akashiwo. Our results show that HaRNAV is related to picorna-like viruses, but does not belong within any currently defined virus family.
This is based on the genome organization and sequence comparisons of putative RNA-dependent RNA polymerase (RdRp), helicase, and
capsid protein sequences. The genome sequence predicts a single open reading frame (orf) encoding a polyprotein that contains conserved
picorna-like protein domains, with putative nonstructural protein domains present in the N-terminus and the structural proteins in the C-
terminus of the polyprotein. We have analyzed and compared the virus structural proteins from infectious and noninfectious particles. In this
way, we identified structural protein cleavage sites as well as protein processing events that are presumably important for maturation of virus
particles. The combination of genome structure and sequence relationships to other viruses suggests that HaRNAV is the first member of a
proposed new virus family (Marnaviridae), related to picorna-like viruses.
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MarnaviridaeIntroduction
For many years, viruses or virus-like particles have been
reported from numerous taxa representing nearly all the
classes of eukaryotic algae (reviewed in van Etten and
Meints, 1999; Van Etten et al., 1991). The first report of a
virus isolate that infected a marine photosynthetic protist
was in 1979 (Mayer and Taylor, 1979), but it was not until
10 years later that viruses infecting phytoplankton were
readily isolated from seawater (Suttle et al., 1990). Subse-
quently, there were numerous examples of viruses isolated
from the marine environment that infected eukaryotic phy-0042-6822/$ - see front matter D 2004 Elsevier Inc. All rights reserved.
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Fairbanks, Fairbanks, AK 99775.toplankton (Castberg et al., 2002; Cottrell and Suttle, 1991;
Jacobsen et al., 1996; Nagasaki and Yamaguchi, 1997;
Sandaa et al., 2001; Suttle and Chan, 1995; Tarutani et al.,
2001). Although these viruses infect a variety of distantly
related taxa, they are morphologically remarkably similar
(Suttle, 2000). All are large polyhedrons that contain dou-
ble-stranded DNA ranging from 130 to 560 kb and appear to
belong in the family Phycodnaviridae.
Recently, several different types of viruses have been
isolated that infect Heterosigma akashiwo (Rhaphidophy-
yceae), a unicellular phototrophic marine flagellate that is
common in temperate coastal waters and which forms toxic
blooms that can kill fish (Taylor, 1990). These viruses
include HaV, which appears to belong within the Phycod-
naviridae (Nagasaki and Yamaguchi, 1997), HaNIV, which
forms paracrystalline arrays within the H. akashiwo nucleus
(Lawrence et al., 2001), and HaRNAV, a single-stranded
RNA virus that assembles within the cytoplasm of infected
cells (Tai et al., 2003). HaRNAV particles appear to have
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diameter (Tai et al., 2003). Sequence analysis of the putative
RNA-dependent RNA polymerase (RdRp) domain from
HaRNAV shows it is related to the picorna-like virus
superfamily (Culley et al., 2003).
Here, we report the complete genome sequence of
HaRNAV. Analysis of the genome reveals that this virus is
related to viruses from the picorna-like superfamily of
viruses (the Picornaviridae, Caliciviridae, Dicistroviridae,
Sequiviridae, Comoviridae and Potyviridae families; Liljas
et al., 2002), but does not belong in any of these currently
defined families. The HaRNAV putative nonstructural pro-
tein domains and capsid proteins show a mosaic pattern of
relationships with sequences from viruses in these families.
The organization of HaRNAV structural proteins appears to
be the same as in the Dicistroviridae, although the overall
genome architecture is different from these viruses. Based
on our sequence comparisons and analyses of genome
structure, we argue that HaRNAV defines a new family
(Marnaviridae) of picorna-like viruses.Results
Features of the HaRNAV genome sequence
We have determined the complete nucleotide sequence of
the HaRNAV genome (GenBank accession number
AY337486). The genome is 8587 nucleotides (nts) long, plus
a poly(A) tail, which is in close agreement with the predicted
size of 8.6 kb, based on the analysis of the previouslyFig. 1. Analysis of the HaRNAV genome sequence for open reading frames, and c
reading frames. For each reading frame (labeled on the left of the figure), potent
(UGA, UAA, and UAG) are shown by full-height lines. Reading frame 1 contains
predicted to encode a 2581-amino-acid residue protein. (B) Coverage of the HaRNA
of primers used (Table 1) are shown as arrowheads that reflect the direction of p
following first-strand cDNA synthesis (PCR), the 5Vand 3VRACE clones (RACE),
shown as lines. Details on the generation of the fragments/clones are given in Mpublished denaturing gel of the HaRNAV genome (Tai et
al., 2003). The genome contains a 7743-nt open reading
frame (orf) (Fig. 1) that is predicted to encode a protein of
2581 amino acids. No other orfs that could encode proteins
larger than 60 amino acids are predicted (Fig. 1). Assuming
we have correctly predicted the start of the polyprotein, the 5V
and 3Vuntranslated regions (UTRs) are 483 and 361 nts long,
respectively, accounting for 9.8% of the genome. The protein
sequence predicted by the large orf contains conserved
sequence domains from RNA viruses, and the sequences
found in the HaRNAV structural proteins (see below).
We used an oligo(dT) primer as part of the 3V RACE
system (see Materials and methods) to clone the 3Vend of the
genome. This suggests that there is a 3V poly(A) tail,
although previous experiments suggested its absence (Tai
et al., 2003). A region near the 3V end of the genome (nts
8420–8445) contains 22 out of 26 bases that are U, which
could form a secondary structure with the poly(A) tail
thereby giving the impression that the genome does not
have a poly(A) tail. The addition of DMSO to the first-
strand cDNA synthesis during the 3VRACE procedure (see
Materials and methods) may have helped to disrupt any
secondary structure. All five of the 3VRACE clones gave the
same sequence for the end of the genome.
We used a 5VRACE approach to clone the 5Vend of the
HaRNAV genome. Wu et al. (2002) found that secondary
structure in the 5Vend of the Perina nuda picorna-like virus
(PnPV) genome interfered with the 5VRACE procedure. We
encountered the same phenomenon, and sequenced nine
clones to determine the 5V end of the HaRNAV sequence
(Fig. 2). This revealed a potential stem-loop structure fromoverage of the genome by PCR and cloning. (A) Analysis for possible open
ial start codons (AUG) are shown with a half-height line and stop codons
a large open reading frame starting at position 484 that is 7743 nts long and
V genome with PCR, RACE, and cDNA clones. The approximate locations
riming for each primer. PCR products obtained with viral-specific primers
and cDNA clones obtained by PCR involving d(N)10T primers (cDNA) are
aterials and methods.
Fig. 2. Sequence of the 5Vuntranslated region of the HaRNAV genome. The first 495 nts of the genome sequence are shown. The arrowheads above the
sequence mark the locations found as ends in nine 5VRACE clones, and the numbers above the arrowheads indicate the number of clones that ended at each
position. The location of the stem of a predicted stem-loop structure at the 5Vend is underlined; 14 of the 15 underlined bases can hybridize. The large open
reading frame predicted to encode the single HaRNAV polyprotein begins at position 484 and the first four predicted amino acid residues are shown below the
nucleotide sequence. A pyrimidine-rich region upstream of the predicted start codon, possibly important for polyprotein translation (Pestova et al., 1991), is
double-underlined.
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hybridizing and forming a loop of four bases (Fig. 2). This
is very similar to the PnPV sequence where a predicted 13-
base stem-loop structure occurs from nts 11 to 38 of the
genome (Wu et al., 2002). Analysis of the HaRNAV 5VUTR
with the web-based version of the RNA secondary structure
prediction program mfold 3.0 (Mathews et al., 1999; Zuker
et al., 1999) predicted a large amount of secondary struc-
ture in the 5VUTR (not shown) including the potential stem-
loop structure mentioned above. Secondary structure in this
region may be important for replication of the RNA as
found for poliovirus (Andino et al., 1993). Other potential
secondary structures that were predicted closer to the
putative start of the polyprotein are likely important as part
of an internal ribosome entry site (IRES) for polyprotein
translation (reviewed in Hellen and Sarnow, 2001; Marti-
nez-Salas et al., 2001; Sarnow, 2003). A pyrimidine-rich
stretch of sequence wherein 22 of 29 bases are pyrimidines
occurs from nts 447 to 475, ending eight bases upstream of
the predicted start codon of the large orf (Fig. 2); such
pyrimidine-rich sequences are conserved in picornavirus
IRESs (Hellen and Sarnow, 2001; Pestova et al., 1991).
There are two notable repeats in the genome sequence.
One pair of repeats involves sequences in the proposed 5V
and 3VUTRs. The 136-nt region from nts 312 to 448 shares
123 identical bases with the 137-nt sequence from nts 8265
to 8401 (90% identity). These repeated sequences might
have a function in RNA replication or polyprotein transla-
tion. It has been suggested that circularization of viral
mRNAs may be important for aiding polyprotein translation
(reviewed in Martinez-Salas et al., 2001). These repeats
could be involved in this function through RNA–RNA or
RNA–protein–RNA interactions. RNA secondary structure
analysis with mfold predicted the sequence from bases 312
to 448 would fold on itself; therefore these repeats are
theoretically capable of interacting directly. The other set
of repeats is an overlapping repeat in the predicted coding
region. The 95 base sequence from nts 1052 to 1147 shares
87 identical bases with the sequence between nts 1124 and
1218 (91.6% identity). This creates a 31-amino-acid self-
overlapping repeat where 27 of 31 amino acids are identical(87% identity). It is difficult to speculate on a potential
function for this repeated sequence because we have no
indication of a possible function for that region of the
polyprotein.
Determination of HaRNAV genome polarity
It was previously shown that the HaRNAV genome is a
single-stranded RNA molecule (Tai et al., 2003). We per-
formed separate first-strand cDNA synthesis reactions with
two primers, 263P11 and 263P12 (see Materials and meth-
ods; Table 1). The primer 263P12 will bind to and initiate
first-strand cDNA synthesis from a positive-stranded RNA
molecule, whereas 263P11 will bind to and initiate first-
strand cDNA synthesis from a negative-stranded molecule.
After treatment with RNase H, these first-strand cDNA
reactions were used as templates for PCR with these two
primers. A PCR product was obtained only with the first-
strand reaction that was performed with 263P12 (Fig. 3),
showing that the genome is positive stranded.
Analysis of HaRNAV structural proteins
We performed N-terminal sequence analyses of protein
bands (Fig. 4; Table 2) from purified virus particles. These
sequences were found in the amino acid sequence predicted
by the large orf (Fig. 1), which therefore encodes the viral
structural proteins. The approximate locations of the N-
termini within the polyprotein sequence are shown in Fig. 5.
Table 2 gives the apparent molecular weights of the protein
bands based on SDS-PAGE (Fig. 4) and the predicted
molecular weights based on the genome sequence (using
the N-termini as guides for the boundaries between proteins
in the polyprotein; Fig. 5). The theoretical molecular
weights of the proteins are close to the apparent sizes based
on their migration within the gel, but four of five proteins
migrated at sizes slightly larger than predicted (Table 2).
Comparison of the sequences around the protein boundaries
(Table 2) did not reveal a clear pattern, preventing the
identification of a potential consensus protease recognition
site. However, three out of five processing sites are on the
Table 1
Primers used for cDNA synthesis, PCR, and RT-PCR
Primer Sequence (5V–3V) Location Strand primer is based on
263P1 CTCGCTCAACAGGTACACAA 7623–7642 +
263P2 CTTCCCGCATTCAGTTCG 1986–2003 
263P4 AAAAGTGATGATGTTTGAAGAC 2298–2319 +
263P5 CCGATGTAGAAGTGGGTAGAT 6434–6454 
263P6 CGATTTTGTGAGCATTGGG 8139–8157 +
263P7 AGCACCCGTAACTTTTCACTGT 2048–2069 
263P8 GGGTCTAAATCACCACTAACTG 1241–1262 
263P9 TGGTGATTTGGCTTCTATTT 5916–5935 +
263P10 ACAACTTTCCATACCACCCTC 5043–5063 
263P11 TGGTACTGCGTGGTTTTACT 3069–3088 +
263P12 ATTTCCGCCGATCTGATT 4281–4298 
263P13 TACCTACGAGTGTGGAAAATG 3986–4006 +
263P14 CTCTGGTTTGTTGGCGG 7794–7810 +
263P15 TTTTCTGCCTGCTTGACG 591–608 
263P16 GGTCCGCCGCAAACATCA 666–683 +
263P17 GCCTGTCACCAACTACAAAAT 3662–3682 
263P18 GGTTGATTGGTGCTTGG 7954–7970 
263P19 TGGATTCTACACGCAAAGTT 485–504 +
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share five identical residues (ST-SEI). The lack of a recog-
nizable pattern at the cleavage sites could indicate that more
than one protease is involved in processing the polyprotein.
As reported previously (Tai et al., 2003), HaRNAV
particles purify in different layers on a sucrose gradient,
and particles from these two layers give different protein
banding patterns (Fig. 4). This difference in protein com-Fig. 3. Demonstration that the HaRNAV genome is positive stranded. First-
strand cDNA synthesis was performed with a primer that would bind to a
positive stranded genome (+) or a primer that would bind to a negative
stranded genome (), followed by PCR with both primers (see Materials
and methods). A product is only visible in the + lane, indicating the genome
is positive stranded.position may explain why particles from the upper layer are
noninfectious while particles in the lower band can infect H.
akashiwo (Tai et al., 2003). There are several major differ-Fig. 4. Analysis of structural proteins from HaRNAV particles. HaRNAV
particles from the noninfectious (upper layer) and the infectious (lower
layer) samples obtained during sucrose gradient purification were subjected
to SDS-PAGE. Bands discussed in the manuscript are labeled (1–7).
Table 2
N-terminal sequences of proteins from purified HaRNAV particles
Banda Protein molecular
weight (kDa)b




Sequence at cut site
1 39 SEIVEYXKGEHXGGDe 1990 36 PTST-SEIV
2 33 SEIISESGADPTLVLe 2318 29 FVST-SEII
5 29 SRPDLLGAPEPFVPRe 2060 29 LFGY-SRPP
6 26 S(or T)ETLCNf 1776 24 EKLL-TETL
7 24 VDGDLASILSAPRTVe 1810 20 RPGE-VDGD
a As labeled in Fig. 4.
b Based on SDS-PAGE.
c X indicates it was not possible to discern the amino acid identity at this position.
d Based on the genome sequence data and using the determined N-termini as boundaries.
e Only the first 15 residues of the determined sequence are shown.
f Only the first six residues were determined.
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the protein gel (Fig. 4), there is a large amount of protein
Band 1 in the particles from the upper layer and compara-
tively little of this protein in particles from the lower layer,
while Bands 5 and 7 are comparatively stronger bands in
particles from the lower layer. The reduction of protein
Band 1 and coincident intensification of protein Band 5 are
well explained by the N-terminal sequencing results and the
genome sequence. The N-terminus of protein Band 5 is
located approximately 7 kDa away from the N-terminus of
protein Band 1 in the C-terminal direction (i.e. downstream;
Fig. 5). Therefore, it appears that protein Band 5 may result
from processing of protein Band 1 during maturation of the
viral particles. There is a small amount of the Band 1 protein
in the lower sucrose layer (Fig. 4) and this protein has the
same N-terminus (first six residues determined, sequence
SEIVEY) as the protein Band 1 in the upper sucrose layer. It
is possible that not all of protein Band 1 gets processed or
that some ‘‘immature’’ noninfectious particles were in the
lower sucrose sample. Similarly, the N-terminus of protein
Band 7 is located approximately 4 kDa C-terminally from
the N-terminus of protein Band 6 (Fig. 5). Protein Band 7
may arise from secondary processing of the Band 6 protein
or from an alternative cleavage of a precursor protein; both
proteins are present in mature capsids. The protein from
Band 3 was analyzed by mass spectrometry and the result-
ing peptide sequences were found in the same region of the
polyprotein corresponding to protein Band 2 (Fig. 5),Fig. 5. Representation of the predicted HaRNAV polyprotein. The N- and C-termi
indicated within the polyprotein box: RNA virus helicase (H), RNA-dependent
location of N-termini found by N-terminal sequencing of the HaRNAV structural
corresponding protein band number (Fig. 4; Table 2). The theoretical molecular w
underneath the polyprotein box. The regions of the polyprotein sequence that conta
are indicated by the lines above the polyprotein box and labeled with their correindicating that Band 3 is a different version of the protein
in Band 2. The region of the gel containing protein Bands 4
and 5 (Fig. 4) was also analyzed by mass spectrometry and
the resulting peptide sequences were found in the Bands 2
and 5 regions of the polyprotein (Fig. 5).
Comparisons of HaRNAV proteins and putative protein
domains to other virus sequences
Analysis of the HaRNAV predicted polyprotein sequence
by BLAST searches of the GenBank database (Altschul et
al., 1997) revealed the presence of a conserved RNA-
dependent RNA polymerase (RdRp) domain, a conserved
RNA virus RNA helicase domain, and conserved picorna-
like virus capsid protein domains (Fig. 5). Discussions of
the individual protein and putative protein domain sequen-
ces are below.
We used the putative HaRNAV RdRp protein domain
sequence corresponding to conserved regions I–VIII
(Koonin and Dolja, 1993) in a BLAST search of the
GenBank database. The most similar sequences found in
this search were from a variety of viruses from the
Comoviridae, Sequiviridae, and Dicistroviridae families.
The top-scoring sequence was from tomato ringspot virus
(ToRSV; Comoviridae), and an alignment of the HaRNAV
sequence (regions I–VIII) with the corresponding region
from ToRSV showed that they are 29% identical. Another
high-scoring alignment was with acute bee paralysis virusni are indicated on the ends. The location of conserved protein domains are
RNA polymerase (RdRp), structural proteins (VP2, VP3, and VP1). The
proteins are shown by heavy vertical black lines and labeled above by their
eights (kDa) of proteins between the N-termini are shown below the lines
in the peptide sequences found by mass spectrometry sequencing of proteins
sponding band number from Fig. 4.
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with HaRNAV (regions I–VIII) showed 30% identity.
Alignment of the sequences from ToRSV and ABPV
showed that these are 30% identical. Therefore, the
putative HaRNAV RdRp domain sequence is as similar
to virus sequences from two different picorna-like families
as these sequences are to each other. An alignment of
these three sequences is shown (Fig. 6A). For comparison,
we aligned the three RdRp sequences, individually, with
the RdRp sequence from tobacco etch virus (TEV: Poty-
viridae) whose RdRp sequence has been shown to tree
outside the other picorna-like virus families in phyloge-
netic analyses (Koonin and Dolja, 1993). The HaRNAV,
ToRSV, and ABPV sequences are 19%, 23%, and 21%
identical to the TEV sequence, respectively, which isFig. 6. Alignment of HaRNAV sequences with sequences from other viruses. Align
presence of positively scoring groups is indicated above the aligned sequences as d
full conservation of a strong group, and ‘‘.’’ indicates full conservation of a weak g
(A) Alignment of putative RNA-dependent RNA polymerase protein sequences (
alignment comprises residues 1362–1619 of the predicted HaRNAV polyprotein, r
the ABPV replicase polyprotein. (B) Alignment of putative RNA helicase domai
HaRNAV polyprotein, residues 1207–1344 of the HRV14 polyprotein, and resid
capsid protein sequences. The HaRNAV VP3-like protein sequence (residues 2060
and 5) was aligned with residues 341–622 of the CrPV structural polyprotein selower than the HaRNAV, ToRSV, and ABPV sequences
are to each other.
We used the HaRNAV sequence that showed similarity
to a central region of a conserved RNA virus RNA helicase
domain (residues 524–686 of the polyprotein) for a
BLAST search of the GenBank database. Similar to the
results found for the putative RdRp domain, this showed
the HaRNAV sequence is most similar to sequences from
viruses in the Picornaviridae, Dicistroviridae, and Como-
viridae families. The top-scoring sequence was from hu-
man rhinovirus 14 (HRV14; Picornaviridae), followed by
sequences from several other rhinoviruses. An alignment of
the sequences over the complete region that was input into
the BLAST showed the HRV14 sequence is 23% identical
to HaRNAV. The next highest scoring sequence is ABPV,ments were done with CLUSTAL X v1.81 (Thompson et al., 1997), and the
efined in CLUSTAL: ‘‘*’’ indicates a fully conserved residue, ‘‘:’’ indicates
roup. The accession numbers for virus sequences used are given in Table 3.
corresponding to conserved regions I–VIII; Koonin and Dolja, 1993). The
esidues 1691–1950 of the ToRSV polyprotein, and residues 1565–1840 of
n sequences. The alignment comprises residues 524–686 of the predicted
ues 522–675 of the ABPV replicase polyprotein. (C) Alignment of viral
–2317 of the predicted sequence, corresponding to protein Band 5; Figs. 4
quence (corresponding to the VP3 capsid protein; Tate et al., 1999).
Fig. 7. Phylogenetic analysis of RNA-dependent RNA polymerase domain
protein sequences. Virus classifications are indicated, and the accession
numbers and abbreviations for the viruses are listed in Table 3. The tree is
based on maximum likelihood distances and the Potyviridae sequences
from tobacco etch virus (TEV) and barley yellow mosaic virus (BaYMV)
were used as an outgroup (see Materials and methods). Support values
based on 25000 puzzling steps are shown above the branches. Bootstrap
values (percentages based on 1000 replicates) for branches that are
supported by >50% by neighbor-joining analysis are labeled below the
branches (a dash indicates there was no corresponding branch supported by
>50% in the neighbor-joining tree). The maximum likelihood distance scale
bar is shown.
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HRV14. An alignment of the three sequences is shown
(Fig. 6B).
Using the experimentally determined N-termini as
boundaries, the individual structural proteins were used for
BLAST searches of the GenBank database. A search with
the sequence from residues 1776 to 1989 of the polyprotein
(corresponding to protein Bands 6 and 7; Figs. 4 and 5)
showed that this capsid protein is most similar to capsid
proteins from viruses in the Dicistroviridae family. There
were also lower-scoring alignments with viruses from the
Picornaviridae and Caliciviridae families. The best scoring
match was with the VP2 protein from cricket paralysis
virus (CrPV; Dicistroviridae); the two sequences were 24%
identical over the BLAST-aligned residues. Similarly, the
capsid protein sequence from residues 2060 to 2317
(corresponding to Band 5; Figs. 4 and 5) is most similar
to the VP3 protein from CrPV, and the top nine scoring
sequences were from insect picorna-like viruses. This search
showed that this protein is also similar to capsid proteins
from viruses in the Picornaviridae and Sequiviridae fami-
lies. Interestingly, when the CrPV VP3 sequence is sub-
jected to BLAST, the HaRNAV protein scores as high as
Kashmir bee virus and higher than Taura syndrome virus,
both of which are members of the same family as CrPV. An
alignment of the HaRNAV and CrPV sequences (Fig. 6C)
shows the HaRNAV protein is 24% identical to the CrPV
protein. A BLAST search with the capsid protein sequence
from residues 2318 to 2581 (corresponding to protein Band
2; Figs. 4 and 5) showed that this protein has less similarity
to other viral proteins than the two previously discussed
capsid proteins. For this protein, the initial BLAST search
returns some low-scoring matches to Dicistroviridae capsid
proteins, but the second iteration of a PSI-BLAST search
finds the CrPV VP1 protein sequence with a high-scoring
alignment, suggesting this is the HaRNAV VP1 homologue.
A search with the sequence between residues 1990 and 2059
did not return any matches to sequences in the GenBank
database.
Phylogenetic analyses of HaRNAV proteins and putative
protein domains
We constructed phylogenetic trees in attempts to eval-
uate the evolutionary relationship of HaRNAV to other
viruses. We first compared the relationship of the putative
HaRNAV RdRp domain to RdRp sequences from picorna-
like viruses. The alignments included residues 1362–1619
of the HaRNAV predicted polyprotein that represent the
conserved regions I–VIII (Koonin and Dolja, 1993), and
the corresponding regions from the other viruses. We chose
Potyviridae sequences [from tobacco etch virus (TEV) and
barley yellow mosaic virus (BaYMV)] as the outgroup
because RdRp sequences from these viruses are in a
separate lineage relative to other picorna-like viruses
(Koonin and Dolja, 1993) with which HaRNAV hassignificant sequence similarity (see above). The maximum
likelihood (Fig. 7) and neighbor-joining (not shown) trees
resolved the Caliciviridae, Picornaviridae, Comoviridae,
and Sequiviridae sequences into their families, but not the
Dicistroviridae. Within the Dicistroviridae, the viruses we
included from the Cripavirus genus (DCV, CrPV, TSV,
ABPV, RhPV, BQCV, and HiPV) constitute a clade, but
with poor support and bootstrap values. The viruses from
the Iflavirus genus (IFV, SbV, and PnPV) in this family did
not resolve into a clade. The maximum likelihood tree
(Fig. 7) does not suggest a close relationship between the
HaRNAV sequence and any of the established families,
although the neighbor-joining tree (not shown) placed
HaRNAV within the Cripavirus genus of the Dicistrovir-
idae family with a low bootstrap value of 53. Both trees
support the placement of the HaRNAV sequence within the
picorna-like group, relative to the Potyviridae sequences.
Interestingly, if the HaRNAV sequence is excluded from
the alignments and phylogenetic analyses, the Cripavirus
clade has much higher maximum likelihood support and
neighbor-joining bootstrap values (75 and 90, respectively;
not shown).
Fig. 8. Phylogenetic analysis of concatenated (putative) helicase/RdRp/
VP3-like capsid protein sequences. Virus classifications are indicated, and
the accession numbers and abbreviations for the viruses are listed in Table
3. The unrooted tree is based on maximum likelihood distances and the
maximum likelihood distance scale bar is shown. Support values based on
25000 puzzling steps are shown for the branches followed by bootstrap
values (percentages based on 1000 replicates) from the neighbor-joining
analysis.
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the HaRNAV putative helicase domain (residues 524–686 of
the polyprotein) and the putative RdRp domain sequences
concatenated into one, and the corresponding sequences from
other picorna-like viruses. Sequences from the Potyviridae
were not included because they contain helicase sequences
with different conserved motifs (Koonin and Dolja, 1993).
These trees (not shown) did not group the HaRNAV sequence
with any other virus family. In addition to the family groups
supported in the RdRp analyses (Fig. 7), these trees addi-
tionally supported independent clades for both the Cripavi-
ruses and Iflaviruses with high (>80) maximum likelihood
support and neighbor-joining bootstrap values.
The same approach was used to analyze concatenated
(putative) helicase/RdRp/VP3-like sequences. Because of
greater sequence divergence in the VP3 proteins across the
picorna-like virus families, we were able to include fewer
families in these analyses. The trees we generated with these
sequences (Fig. 8) supported the same relevant clades as the
previous analyses. They also do not support a strong
relationship between HaRNAV and the other viruses.Discussion
Sequence analyses show that HaRNAV is closely related
to viruses from the picorna-like superfamily of viruses.
HaRNAV particles are icosahedral with a diameter of
approximately 25 nm (Tai et al., 2003), a size and structure
consistent with picorna-like viruses (other than the Potyvir-
idae). The predicted 5VUTR contains conserved picorna-like
sequences and putative structural features. The capsidscomprise three major structural protein sequences that are
recognizably similar to known picorna-like capsid proteins.
The organization of the individual structural proteins, as
indicated by sequence similarities, is similar to that found in
the Dicistroviridae. However, the overall structure of the
genome and phylogenetic analyses indicate that HaRNAV
does not belong within any of the established picorna-like
virus families. Therefore, we propose that HaRNAV is the
first member of a new virus family (Marnaviridae), which
most likely falls within the picorna-like superfamily. It is not
surprising that this virus belongs to a previously unknown
family because it is the first described ssRNA virus that
infects a photosynthetic protist. It seems likely that as more
effort is spent looking for these types of viruses in micro-
organisms and in marine environments, more novel groups
of viruses will be found. Indeed, four new putative groups
of picorna-like viruses have been postulated based on RdRp
gene sequences amplified from natural communities of
marine viruses (Culley et al., 2003).
The HaRNAV genome structure is most like that found in
potyviruses (e.g. tobacco etch virus; Allison et al., 1986) in
that the putative nonstructural protein domains are located at
the N-terminus and the structural proteins are at the C-
terminus of a single large polyprotein encoded on a monop-
artite genome (Fig. 5). However, the HaRNAV capsid
structure is icosahedral, whereas potyvirus capsids are
filamentous. Viruses from the Caliciviridae also have a
similar genome structure, but they encode more than one
polyprotein (e.g. feline calicivirus; Carter et al., 1992). None
of the database searches or phylogenetic analyses suggested
that HaRNAV is closely related to viruses from either of
these families. The Cripaviruses in the Dicistroviridae and
the unassigned insect picorna-like virus, Acyrthosiphon
pisum virus (APV), also encode their structural proteins in
the 3Vregion of the genome (Johnson and Christian, 1998;
Mari et al., 2002; Moon et al., 1998; Nakashima et al., 1999;
Sasaki et al., 1998; van der Wilk et al., 1997; van Munster et
al., 2002). However, these viruses encode the capsid and
nonstructural polyproteins in distinct orfs.
The organization of the individual structural protein units
within the capsid polyprotein region of HaRNAVappears to
be similar to the organization in the Dicistroviridae. This is
based on the sequence relationships between the individual
HaRNAV capsid proteins and the CrPV capsid proteins
(Fig. 5), for which the crystal structure has been determined
(Tate et al., 1999). N-terminal sequencing data shows that
there is a cleavage generating the VP3-like protein from a
larger protein present in the noninfectious particles (Fig. 5;
Table 2). This smaller protein fragment may be a VP4-like
protein, although we have no evidence that the small protein
released is associated with mature capsids, and this protein
is not recognizably similar to any other sequences when
used for a BLAST search of the GenBank database. In the
picornaviruses, VP4 is cleaved from the N-terminus of VP0
to generate VP4 and VP2, whereas in the Dicistroviridae,
VP4 is cleaved from the N-terminus of VP0 to generate VP4
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capsids comprise three large structural protein sequences
(although some proteins appear to occur in multiple bands
as discussed below).
One aspect of HaRNAV capsid protein structure appears
analogous to structural protein processing in P. nuda picorna-
like virus (PnPV). In this virus, multiple capsid protein bands
are generated from the same protein region because proteins
of different apparent molecular weights share the same N-
termini (Wu et al., 2002). These authors speculated that these
proteins shared N-termini but were processed differently at
their C-termini. We found that different HaRNAV structural
proteins contain sequences from the same protein region but
have different N-termini. Analysis of the N-termini of the
protein Bands 6 and 7 (Fig. 4) show that these two bands
comprise the HaRNAV VP2-like sequences, as indicated by
similarity with the CrPV VP2 protein. Analysis by mass
spectrometry of capsid proteins from infectious particles in
the region of the gel containing Bands 4 and 5 (Fig. 4)
showed that this region contains a mixture of two proteins
(from the VP3- and VP1-like regions of the polyprotein; Fig.
5). The VP1-like sequences were also found in the analysis
of Band 3 (Fig. 4) by mass spectrometry. Therefore, three
protein bands (2, 3, and 4; Fig. 4) contain sequences from the
VP1-like region of the polyprotein. It is possible that these
proteins differ by processing at the N-terminus, C-terminus,
or by another post-translational modification. Two of the
three bands appear larger by SDS-PAGE (33 and 32 kDa)
than predicted from the genome sequence (29 kDa), as mea-
sured from the known N-terminus of the largest band to the
end of the polyprotein sequence (Table 2; Fig. 5). An ex-
planation of these observations is that amino acids are not
removed from the largest version of the protein to generate
the smaller versions, but rather that there are post-translatio-
nal additions to the proteins. Glycosylation is one possible
post-translational modification that has been observed with
other algal virus structural proteins (Friess-Klebl et al., 1994;
Wang et al., 1993), but experiments need to be done to test
this hypothesis.
The HaRNAV protein sequences show a mosaic pattern of
relationships to picorna-like virus sequences. However,
sequences from the Dicistroviridae gave higher scoring
matches when the HaRNAV structural proteins were used
for database searches. This, and the apparently conserved
structural protein organization within the polyprotein, may
reflect a closer evolutionary relationship of HaRNAV with
these viruses than with the other families of picorna-like
viruses. Overall however, our analyses do not suggest that
HaRNAV belongs in any of the picorna-like families. This is
based on the lack of a consistent pattern of sequence
relationships between HaRNAV and the other picorna-like
virus families, and the overall genome organization of
HaRNAV in comparison with the other families. Outside of
the regions indicated in Fig. 5, none of the predicted
HaRNAV protein sequence shows any recognizable similar-
ity to known protein (viral or other) sequences.We have determined and analyzed the genome sequence
of the ssRNA virus, HaRNAV, infecting the marine unicel-
lular photosynthetic alga H. akashiwo. To our knowledge,
this is the first genome sequence reported for a positive-
stranded RNA virus from an alga or other protist. Our
analyses of the genome sequence and structural protein
composition indicate that HaRNAV is most closely related
to viruses from the picorna-like superfamily. The evidence
suggests that HaRNAV is the first representative of a new
virus family, which shares the defining characteristics of the
picorna-like virus superfamily.Materials and methods
Purification of virus particles
H. akashiwo cultures were grown and infected with
HaRNAV (isolate SOG263) as described (Tai et al., 2003).
Virus particles were purified from 1.5 l of culture lysate by
centrifugation. The lysate was first cleared by centrifugation
at 4000  g for 1 h. The supernatant was then centrifuged
for 5 h at 108000  g to pellet the viruses which were then
resuspended in a total volume of 200 Al of 50 mM Tris (pH
7.6). These samples were centrifuged for 2 min at 4000  g
to remove large material and the resulting supernatant
layered on top of a linear 5–35% sucrose (w/v) gradient
(in 50 mM Tris; pH 7.6). The gradient was centrifuged for 3
h at 50000  g in a Beckman (Palo Alto, USA) SW-40 rotor
and the viral bands purified from the gradient as described
(Tai et al., 2003).
Determination of HaRNAV genomic sequence
RNA was purified from the viruses using the viral RNA
kit (Qiagen, Mississauga, Canada) according to the manu-
facturer’s instructions. The first strand of cDNA synthesis
was performed with Superscript II RNase H (Invitrogen,
Burlington, Canada) according to manufacturer’s instruc-
tions using either oligo(dT)12–18 (Amersham Pharmacia
Biotech, Piscataway, USA) or d(N)10T as primers. After
treatment with RNase H (Invitrogen), this cDNA was used
as template for PCR with Platinum Taq (Invitrogen) using
either d(N)10T or viral-specific primers (Table 1) or a
combination of d(N)10T and a viral-specific primer. PCR
reactions with viral specific primers (400 nM each primer, 2
mM MgCl2, 400 nM each dNTP) were run as follows: 95
jC for 60 s, followed by 30 cycles of 95 jC for 45 s, 54 jC
for 45 s, and 72 jC for 1 min per kilobase of expected
product, and a final incubation at 72 jC for 5 min. PCR
reactions with d(N)10T [1 mM d(N)10T, 400 nM viral
specific primer (if applicable), 4 mM MgCl2, 400 nM each
dNTP] were run as follows: 95 jC for 60 s, followed by 35
cycles of 95 jC for 45 s, 40 jC for 2 min and 72 jC for 3
min, and a final cycle of 72 jC for 5 min. PCR products
were purified with the QIAquick PCR purification system
Table 3
Summary of viruses used in sequence comparisons and phylogenetic
analyses
Virus Abbreviation Accession number
Acute bee paralysis virus ABPV NC_002548
Acyrthosiphon pisum virus APV NC_003780
Barley yellow mosaic virus BaYMV NC_002990
Black queen cell virus BQCV NC_003784
Cowpea mosaic virus CPMV NC_003549
Cricket paralysis virus CrPV NC_003924
Drosophila C virus DCV NC_001834
Feline calicivirus FCV NC_001481
Heterosigma akashiwo RNA virus HaRNAV AY337486
Himetobi P virus HiPV NC_003782
Human rhinovirus 14 HRV14 NC_001490
Human poliovirus PV NC_002058
Infectious flacherie virus IFV NC_003781
Parsnip yellow fleck virus PYFV NC_003628
Perina nuda picorna-like virus PnPV NC_003113
Rabbit hemorrhagic disease virus RHDV NC_001543
Rhopalosiphum padi virus RhPV NC_001874
Rice tungro spherical virus RTSV NC_001632
Sacbrood virus SbV NC_002066
Taura syndrome virus TSV NC_003005
Tobacco etch virus TEV NC_001555
Tomato ringspot virus ToRSV NC_003840
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USA) directly when only viral-specific primers were used,
or digested with restriction enzymes (MboI, RsaI, HaeIII, or
AluI; New England Biolabs, Mississauga, Canada) before
ligation with pUC19 (Vieira and Messing, 1982) when
d(N)10T was used.
The 5Vand 3Vends of the viral genome were cloned using
the 5V and 3V RACE systems (Invitrogen) according to
manufacturer’s instructions, with the following exceptions.
Viral RNAwas treated with 400 Ag/Al proteinase K (Sigma-
Aldrich, Oakville, Canada) for 60 min at 37 jC and subse-
quently extracted with phenol and precipitated with ethanol
before 5VRACE, as described (Johnson and Christian, 1998).
To reduce secondary structure in the RNA, first-strand
cDNA synthesis was done in the presence of 5% dimethyl
sulfoxide (DMSO; Sigma-Aldrich) for 3VRACE, and in the
presence of 4% DMSO and at 50 jC for the 5V RACE.
Primers 263P8 and 263P15 were used as the first strand and
nested viral-specific primers, respectively, for amplifying the
5Vend. Primer 263P1 was used as the viral-specific primer for
the 3VRACE procedure. A total of nine clones from the 5Vend
and five clones from the 3Vend were sequenced.
DNA sequencing was carried out using the universal
m13 primers for cloned fragments, and virus-specific pri-
mers for cloned fragments and PCR products. Sequencing
reactions were done with Big Dye version 3.0 (Applied
Biosystems, Foster City, USA) and analyzed by the Uni-
versity of British Columbia Nucleic Acid and Protein
Service (NAPS) Facility (Vancouver, Canada). The genome
sequence has been deposited in the GenBank database and
assigned accession number AY337486.
Protein sequencing
For N-terminal protein sequencing, purified viral particles
were subjected to SDS-PAGE and transferred onto a poly
(vinylidene difluoride) membrane (Bio-Rad, Mississauga,
Canada) according to the manufacturer’s recommendations,
and the N-terminal sequences were determined at the Uni-
versity of British Columbia NAPS Facility. For mass spec-
trometry protein sequencing, purified viral particles were
subjected to SDS-PAGE and Coomassie blue-stained protein
bands were excised and sent to the University of Victoria-
Genome British Columbia Proteomics Center (Victoria,
Canada) for analysis by nanospray-quadrupole-time of flight
(ESI-Q-TOF) mass spectrometry.
Nucleotide and protein sequence analyses
Identification of potential coding regions and predictions
of protein molecular weights were done with DNA Strider
version 1.2 (Marck, 1988). Analysis of RNA sequences for
potential secondary structure was done with the web-based
version of the program mfold v3.0 (Mathews et al., 1999;
Zuker et al., 1999). Database searches were performed with
the BLAST algorithm (Altschul et al., 1997).Sequence alignments
The viruses from which sequences were used for the
phylogenetic analyses are listed with their GenBank se-
quence accession numbers in Table 3. Each protein sequence
group was aligned using CLUSTAL X v1.81 (Thompson et
al., 1997) with the BLOSUM series protein weight matrix
(Henikoff and Henikoff, 1992). The complete sequence
alignments are available from the authors upon request.
Phylogenetic tree construction and presentation
The protein sequence alignments were transformed into
maximum likelihood distances using TREE-PUZZLE v5.0
(Strimmer and von Haeseler, 1996) and 25000 puzzling
steps. The default multiple substitution matrix chosen by
TREE-PUZZLE was used [Variable Time (VT); Muller and
Vingron, 2000]. Trees were plotted using TreeView v1.6.5
(Page, 1996). For the RdRp tree, sequences from the Poty-
viridae (TEV and BaYMV) were used for an outgroup
because they are in a separate lineage relative to other
picorna-like virus RdRp sequences (Koonin and Dolja,
1993). Neighbor-joining trees were constructed with PAUP*
v4.0 (Swofford, 2000), and bootstrap values calculated based
on percentages of 1000 replicates are shown on the trees.Acknowledgments
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